Functional blood flow abnormalities after brain injury have been demonstrated in animal models of head trauma and are considered to contribute to post concussive syndrome (PCS). In order to better characterize cerebral blood flow (CBF) changes and PCS in patients with mild traumatic brain injury (MTBI), we determined CBF in different brain regions using a true fast imaging with steady state precession arterial spin labeling (True FISP ASL) imaging at 3T. We also investigated the severity of neuropsychological functional impairment with respect to hemodynamic changes. Twenty-one patients with clinically diagnosed MTBI and 18 healthy age-matched controls were studied. The median time since the onset of brain injury in patients was 26.5 months. True FISP ASL MRI was performed at 3T MR in which a flow-sensitive alternating inversion recovery (FAIR) preparation was applied. Measurements of regional CBF were made in both deep gray matter including thalamus and white matter at the basal ganglia level. The mean regional CBF was reduced and more significantly in both sides of thalamus in patients with MTBI (45.9±9.8ml/100g/ min) as compared to normal controls (57.4±10.3ml/100g/min; p=0.002). The decrease of thalamic CBF was significantly correlated with several computerized neuropsychological measures including processing and response speed, memory, verbal fluency, and executive function in patients with MTBI. These results indicate that hemodynamic impairment can occur and persist in patients with MTBI, the extent of which is more severe in thalamic regions and correlate with neuropsychological impairment during the extended course of the disease.
INTRODUCTION
Mild traumatic brain injury (MTBI) accounts for at least 75 percent of all traumatic brain injuries and is often associated with long-lasting post concussive syndrome (PCS). Patients with MTBI may initially experience transient loss of consciousness or a brief amnestic period with disabling physical (headache, dizziness, fatigue, noise and light sensitivity), cognitive (memory, attention, concentration, executive function deficits), and emotional/ behavioral (depression, anxiety, irritability) sequelae that can persist for months or years following mild injury [1] . There is an increasing awareness of an epidemiologically large but silent presence of MTBI as well as its serious, long-lasting consequences in the recent years, however, the pathophysiological mechanism of MTBI and PCS is still poorly understood and it is not possible to detect patients at risk of developing PCS on the basis of clinical presentation [2] . In addition, biological markers of MTBI are still missing and little imaging evidence exists for the organic origin of postconcussional disorder [3, 4] .
The vast majority of literature on TBI is concerned with the investigation of abnormalities in classic regions that have been described in animal models and those observed in moderate to severe cases of TBI in humans. Thus, it is believed that brain pathology in MTBI is the result of diffuse axonal injury (DAI) occurring predominantly in stereotypical locations such as the gray-white junction, the splenium of the corpus callosum, and the midbrain [5] . However, the influence of injury to the thalamus, a complex deep grey matter mass that consists of many groups of nuclei and white matter bundles which are vulnerable to damage during sudden acceleration or deceleration of the brain, has been poorly investigated. As the central relay station for transmitting information throughout the brain, the thalamus is important to communication among sensory, motor, and associative brain regions [6] [7] [8] [9] , suggesting that damage to this structure may affect multi-functional pathways and potentially long-term morbidity associated with persistent PCS.
Since viable brain tissue is highly dependent on its oxygen supply, there is also accumulating evidence which indicates that regional ischemia plays a role in secondary brain injury in patients with brain trauma [10] [11] [12] [13] [14] . Studies on a wide variety of rodent models of brain trauma have shown reduced regional blood flow in the acute phase of injury [15] [16] [17] [18] . In these laboratory models of moderate or severe traumatic injury, hypoperfusion is not only seen near the impact site but can also be widespread and distant [17, [19] [20] [21] [22] [23] . Although such brain perfusion abnormalities have been observed to be present at 1 week, delayed assessment on the order of months or years has been rarely carried out. Recently, using the controlled cortical impact (CCI) model in rats, Kochanek et al. [24] reported blood perfusion impairment with delayed cognitive deficits at one year, suggesting a long-term effect of CBF on TBI.
Most previous investigations of blood perfusion have used nuclear medicine techniques (PET, SPECT, Xe-CT) or dynamic susceptibility contrast enhanced MRI to study cerebral blood flow (CBF), which are limited by their low spatial resolutions as well as by their use of exogenous endovascular contrast agents. In the current work true fast imaging with steady state precession arterial spin labeling (true FISP ASL) [25] was employed for the measurement and quantification of local cerebral perfusion. True FISP ASL is an MRI method of investigating CBF that uses blood water as an endogenous, freely diffusible tracer and yields high resolution images without distortion artifacts or the need for exogenous endovascular contrast agents [26] .
In this study, we applied true FISP ASL at 3T to test the hypothesis that there is hemodynamic impairment in the thalamic regions of patients with MTBI in a nonacute phase. We also investigated the correlation between the perfusion changes in these regions and neuropsychological dysfunction.
MATERIALS AND METHODS

Theory
High-field (3T) MR ASL perfusion imaging is appealing not only because of the advantage that it provides by increasing the signal-to-noise ratio (SNR), but also because it offers a greater T1 relaxation time for spin labeled arterial blood water [27] [28] [29] [30] . Most pulsed ASL methods are based on EPI, which is prone to distortion artifacts and rapid dephasing caused by local magnetic field inhomogeneities, especially at high fields. However, in true FISP ASL [25] , a flow-sensitive alternating inversion recovery (FAIR) ASL [29] perfusion preparation is used in which the EPI sequence is replaced with a true FISP steady state precession data acquisition strategy. The benefits of such a sequence include high spatial resolution images with none of the distortion artifacts commonly associated with EPI based methods of ASL [26] .
In true FISP ASL, slice-selective and slice-nonselective inversion pulses are used to generate a set of respective control and labeled images. In the control image the spins of tissue water contained in the spatially selective slice are inverted and in a different magnetization state from the fully relaxed inflowing arterial blood water located proximal to this region. In the labeled image, however, since it is acquired after a non-selective global inversion pulse that includes spins distal to this region, both blood and tissue water in the selective slice are in identical magnetization states. The control and labeled images are subtracted to produce an ASL difference image in which the signal from the static spins cancel each other out leaving a signal difference map of arterial blood delivered to each voxel during the interval TI. This signal difference map provides a qualitative measure of local perfusion from which CBF can be calculated.
To eliminate magnetic inhomogeneities due to residual contamination from static tissue, a frequency offset corrected inversion (FOCI) pulse was applied every 5 seconds [31] [32] [33] . The FOCI pulse had a slice thickness of 2.5 times the thickness of the imaging slice to compensate for imperfect slice profile. In order to correct for the imperfect subtraction of stationary tissue between control and labeled images due to off-resonance effects, an approach described by Figueiredo et al. [34] was adapted in which an extra pair of images was acquired at a very short inversion time (TI 0 = 100 ms), when no perfusion effects were expected. In order to determine the equilibrium magnetization of tissue (M 0 ), another separate scan was performed using the same true FISP sequence, but in the absence of an inversion-recovery preparation. In addition, the transit delay time for perfusion quantification, was also determined in one subject in which ASL data were collected at multiple TI times. These data were fitted to a general kinetic model described by Buxton et al. [35] and Yang et al. [31] for the estimate of the transit delay time.
The absolute perfusion in localized areas of deep gray matter were quantified using a general kinetic model described by Buxton et al. [35] and Yang et al. [31] , as well as T1 values obtained from published works [32, 33] . Briefly, the signal difference (ΔM) between labeled and control images is given by: (1) where c(t) is the delivery function, r(t) is the residue function, m(t) is the magnetization relaxation function, M 0b is the equilibrium magnetization of arterial blood per unit mass of tissue, and f is CBF expressed in the units of ml of blood per ml of voxel per unit time.
Using the standard kinetic model [30] for pulsed ASL equation 1 is reduced to: (2) where Δt is the transit delay (time required for tagged blood to arrive at an imaging voxel), τ is the duration of the tagging bolus, T 1b is the longitudinal relaxation time of blood, q p (t) is a dimensionless term that depends on Δt, τ, T1, and α represents tagging efficiency. When a FAIR perfusion preparation is used, the duration of the tagging bolus τ is very long compared to the inversion time TI of 1200 ms and CBF (f) can be derived from equation (2) as: (3) Equation (3) was used for perfusion quantification in all subjects, in which M 0b was determined from a separate multi-TI inversion recovery scan and a Δt of 350 ms was used according to the method of Buxton et al. [35] . A T 1b = 1664 ms [36] and α = 1 were assumed for all subjects. Since q p(t) typically has a value close to one it was dropped from the equation.
Subjects
Twenty-one MTBI patients who had a history of head trauma and initial Glascow Coma Scale (GCS) score of 13 to 15 were studied on a whole body 3.0T MR. All the patients have symptoms that meet the criteria of the DSM-IV-TR classification for the diagnosis of postconcussional disorder. The median duration after onset of brain injury was 26.5 months (ranging from 8 months to 7 years). Patients were excluded when a previous diagnosis other CNS disorders was made including depressive disorder, alcohol abuse, somatic disorder stroke, epilepsy, and psychosis. Eighteen age-matched healthy controls without history of head injury were also recruited from the general population and scanned for comparison. All study protocols were conducted within the guidelines from the Institutional Review Board and consent was obtained from each participant.
MR Imaging and Image Analysis
All imaging experiments were implemented on a 3-T Siemens Trio whole-body MR scanner (Siemens Medical Systems, Erlangen, Germany) that operated with a maximum gradient strength of 45 mT/m and a slew rate of 200 mT/m/msec along all three axes. After conventional MR imaging, a high spatial resolution ASL perfusion MRI was acquired. An 8-element receiver head coil was used with body coil excitation. Data acquisition was made from 6 mm thick slice that was positioned parallel to the AC-PC plane at the level of the basal ganglia. Sequence parameters for a true FISP steady state precession readout were applied which included a flip angle (FA) of 50 degrees, a TR/TE of 5000 ms/1.64 ms, an image matrix size of 256 × 256, a field of view (FOV) of 220 × 220 mm 2 , a pixel bandwidth of 975, and a TI of 1200 ms for both the slice-selective and slice non-selective inversion pulses and used to acquire the control and labeled images, respectively. However, in order to correct for the imperfect subtraction of stationary tissue between control and labeled images due to off-resonance effects, an approach described by Figueiredo et al. [34] was adapted in which an extra pair of images was acquired at a very short inversion time (TI 0 = 100 ms), when no perfusion effects were expected. To determine the equilibrium magnetization of tissue (M 0 ), another separate scan was performed using the same true FISP sequence, but in the absence of an inversion-recovery preparation. Another important parameter needed for perfusion quantification, the transit delay time, was determined in one subject in which ASL data were collected at multiple TI times. These data were fitted to a general kinetic model described by Buxton et al. [35] and Yang et al. [31] for the estimate of the transit delay time. The total imaging time for acquiring data using true FISP ASL was about 6.5 minutes.
Region of interests (ROIs) were made first on spin unlabeled or control image (TI=1200), and then copied to other corresponding images in order to obtain the matched size and location for measuring the signal intensities from thalamus, putamen, the head of caudate nuclei, as well as in frontal white matter in each hemisphere in patients and controls were acquired using Image J (Image Processing and Analysis in Java. Available at: http:// rsb.info.nih.gov/ij/).
Neurocognitive Testing
For neurocognitive tests, both patients and controls underwent a traditional consensus battery, which was applied within 12 hours of MRI examination and yielded measures of executive functioning, abstract reasoning, attention, concentration, verbal ability, psychomotor ability, and memory. This battery was comprised of eleven tests in seven neuropsychological functional categories, including Verbal Abstract Reasoning (Similarities Category and Similarities Shift), Attention and Concentration (Weinberg Visual Cancellation Test, Number Recall and Number Sequencing), Executive Functioning (Stroop), Verbal Fluency (FAS), Processing Speed (Animal Decoding and Symbol Scanning), Response Speed (Response Direction 1 and Response Direction 2), and Memory/ Learning (Memory Cabinet 1 and Memory Cabinet 2). These are a set of computerized neurobehavioral measures that are suited for repeatable testing, are sensitive to regional brain dysfunction.
Statistical Analysis
The mean and standard deviation (SD) of each measure among patients and controls and the p value for the comparison of patient to controls in terms of each CBF and neuropsychological measure were computed using an unequal variance t test (T). All p values are two-sided and were not subjected to a multiple comparison correction. Spearman rank correlation was used to analyze the association of each neuropsycholgoical test with CBF of each side and averaged over the sides of each brain region across the patients. An uncorrected p value of 0.05 or less is considered significant.
RESULTS
There were no significant differences of age (P=0.35) and years of education (P=0.30) between patients with MTBI and healthy controls (34.1±8.6 vs 37.1±10.7 years old, 15±2.5 vs 16.1±3.8 years of education, respectively) with respect to the relevant measures assessed by an unequal variance t test. The two groups were also matched for gender. Traumatic brain parenchyma lesions were detected on conventional MR imaging including gradient echo imaging as well as T2-and T1-weighted imaging in only two patients, and they are small and in frontal and temporal regions. However, there were no visible lesions in basal ganglia region including thalamus in any of these patients.
The comparison of patient to controls in terms of CBF measure in each region was assessed and the mean and standard deviation (SD) values of CBF in each region among patients and controls are listed in Table 1 . Patients with MTBI demonstrated significant lower CBF in thalamic region (both sides) than normal controls (P ≤ 0.002) (Fig. 2 ) with mean and SD values of CBF in right, left, and both sides (average) of thalamus in patients (46.9±10.4, 45.0±9.7, 45.9±9.8, respectively) and in controls (59.7±13.3, 55.2±9.7, 57.4±10.4, respectively). The CBF in the head of caudate nuclei was also significance (right side: P = 0.03 and both sides: P = 0.02) and near significance (left side: P = 0.06). While in other deep gray matter regions and frontal white matter regions, there was no statistical significant difference of CBF between the patients and controls.
For comparison of neuropsychological functions in patients and controls, eleven neuropsychological tests were performed that yield measures of executive functioning, abstract reasoning, attention, concentration, verbal ability, psychomotor ability, and memory and expressed as standardized z score as shown in Table 2 . Overall, patients with MTBI have a poor performance in these neuropsychological tests as compared to normal controls. Among the ten neuropsychological tests, the two groups differ significantly from each other on 5 of them including processing speed, response speed, cancellation error, verbal fluency (FAS), and executive functioning (Stroop) tests. These results confirmed that there is a neuropsychological functional impairment in patients with MTBI during the expanded course of the disease.
In patients with MTBI, we have assessed the correlations between the decreased blood perfusion (CBF) in thalamic regions (averaged from both sides) and neurocognitive parameters expressed as standardized z score. Table 3 presents the correlation coefficient (adjusted R 2 ) that reach the statistical significant levels (P ≤ 0.01) between thalamic CBF and six neurocognitive measures, suggesting a positive correlation between decreased blood perfusion and neurocognitive function impairment in patients with MTBI such as processing and response speed, memory, attention, word fluency (FAS), and executive functioning (Stroop) as shown in Figure 3 . We did not find statistical significant correlations of neurocognitive function tests and averaged CBF in other brain regions except putamen, in which CBF correlates with executive functioning measured with Stroop test (R 2 = 0.18, P = 0.04).
DISCUSSION
MTBI represents one of our most important public health issues, with an incidence rate of well over a million people per year and various PCS associated symptoms following injury that are poorly understood. In this study we have focused on the thalamic injury in MTBI using high resolution True FISP ASL perfusion imaging. Our study provides evidence of hemodyanmic impairment in thalamic regions and these abnormalities in blood flow correlate with several neuropsychological measures, suggesting a cause for the persistent PCS in patients with extended period of MTBI.
The technique of ASL has been widely used for quantitative measurements of CBF as well as for detecting changes in blood flow associated with functional activation in the brain [27] [28] [29] [30] . Compared to other modalities of investigating perfusion such as nuclear medicine techniques (PET, SPECT, Xe-CT) or DCE MRI, ASL offers advantages in that it is not limited by low spatial resolution and the use of exogenous endovascular contrast agents. However, most current methods of ASL are based on EPI, which introduces distortion artifacts and dephasing caused by local magnetic field inhomogeneity [37] . This is especially the case at higher fields, such that EPI at the basal ganglia level can be particularly challenging due to an increased iron component. Therefore, in this study we have used True FISP ASL [25] , a non-EPI based method of ASL preparation which is a particularly attractive method of measuring local tissue perfusion in cerebral deep gray matter with high spatial resolution and without the distortion artifacts commonly associated with EPI based techniques [26] .
We have focused on the thalamus in MTBI in this study because, as the centrally located relay station for information throughout the brain, it participates in communication among sensory, motor, and associative brain regions [6] [7] [8] [9] 38] . Any small amount of damage may become amplified as it converges on this structure, influencing communication and synchronization among different areas. A number of histopathological studies have documented evidence of thalamic injury in TBI, including neuronal loss [39] . Natale et al. [40] demonstrated, in an experimental mouse model, that cortical damage could result in delayed remote thalamic neuron apoptosis using stereological techniques. However, the vast majority of the cases cited above involve moderately and severely injured patients. Some of the authors contend that the thalamic injury is secondary while others believe it is primary; however none of these reports focus on MTBI or PCS.
Since viable brain tissue is highly dependent on its oxygen supply under normal and many pathologic circumstances [41] , there is a general interest in studying the role of localized disturbances in CBF following TBI. Our study has demonstrated significantly lower CBF in both sides of thalamic regions in patients with MTBI as compared with normal controls, indicating a diffuse change of hemodynamic impairment in thalamus due to the injury. These results are in agreement with the hypothesis that functional blood flow abnormalities after brain injury are thought to contribute to posttraumatic neurocognitive and psychological sequelae [42] . There is also accumulating evidence indicating that regional ischemia plays a secondary role in patients with brain trauma [14, 43] . However, these perfusion abnormalities in the thalamic region have been poorly investigated in previous studies. We have also found significantly lower perfusion (P = 0.03) in patients in the right side of head of caudate nuclei and near significance (P = 0.06) in the left side of head of caudate nuclei. This may suggest the deep gray matter nuclei near the midline during the mild closed head injury are more vulnerable to damage during sudden acceleration or deceleration of the brain.
The median time since onset of brain injury in our patient group was 28.5 months, indicating that hemodynamic impairment can occur and persist in the extended phase of longstanding MTBI. Most of the human and animal studies conducted to date have acquired data during the initial 12 hours following injury, during which time it has been shown that ischemia occurs in 30% of the population [15] [16] [17] [18] . However, our results are supported by experiments which have reported that reductions in CBF were observed in regions remotely distant from the impact site and can be present in a later phase after injury associated with delayed cognitive deficits [17, [19] [20] [21] 23] . For example, Kochanek et al. [24] reported blood perfusion impairment with delayed cognitive deficits at one year, suggesting a long-term effect of CBF on TBI. The perfusion changes in MTBI may be the result of a different set of mechanisms in the acute phase as compared to the subacute and chronic phase. Whereas hemodynamic abnormalities associated with the acute phase may be primary to the injury, arising, for example, from vasospasm and/or direct vascular injury, those decreases in perfusion associated with the extended phase may be secondary to the tissue injury, arising, for example, from a failure in cerebral autoregulation or a decrease of demand of blood supply. The decreased perfusion developed in the later phase of mild injury may be more responsible for the subsequent development of later symptoms associated with PCS. Therefore, in addition to the symptoms in the acute phase, these secondary symptoms due to late phase blood perfusion changes need to be addressed independently in order to prevent the additional late onset injury.
We also find significant correlations between the decrease of CBF in thalamic regions and neuropsychological dysfunction which involves multiple functional thalamic pathways that include processing speed, response speed, memory and learning, attention, verbal fluency and executive functioning deficits as shown in Table 3 . These findings are consistent with the results of previous investigations that examined SPECT brain perfusion abnormalities associated with the most common clinical complaints and identified a greater number of focal areas exhibiting hypoperfusion in the basal ganglia and the thalamus [42, 44, 45] . We observed that our patient population differed significantly from normal controls in domains that included memory, executive functioning, and attention. A similar relationship between the thalamus and cognition has been described in several neurological diseases involving thalamic injury. For example, in a study of 22 patients with thalamic infarction, van der Werf et al. used experimental and established neuropsychological tests to demonstrate that the thalamus plays a crucial role in memory, executive functioning, mental flexibility and attention [46] . In another example where the cholinergic system and cognitive sequelae in a group of moderate-severe head injury survivors were investigated in a recent study, the patients showed deficits in sustained attention and impaired associate learning and reaction time compared with a group of controls, and these cognitive skills were shown to depend on the integrity of the cholinergic system found in the bilateral hippocampal formation and the thalamus. Interestingly, this study using voxel-based morphometry also revealed reduced gray matter density in the thalamus [47] . Another recent SPECT study examining the neuropsychological performance of CBF deficits in patients with left anterior thalamic infarction by Shim et al. [48] , found similar deficits in memory, word fluency, and executive functioning (Stroop). These three examples from the literature together with the findings of our study suggest that thalamic injury does occur in MTBI and that damage to the thalamus leads to neurocognitive functional deficits. An understanding of the significance of thalamic injury and how it relates to the symptoms of MTBI promises to fill an important void in our knowledge of this disorder.
There are several limitations in the current study. Although true FISP ASL provides high resolution perfusion imaging, the current setting only allows one single slice to measure CBF in the thalamus. It potentially provides more slices within a similar time frame at higher field MR due to the increased signal to noise. However, the focus of this study was to investigate the role of small localized disturbances in CBF in the basal ganglia regions that include both deep gray matter nuclei and white matter, where the standard representative regions of interest were selected and compared in both patients and controls. Another concern is that this study lacks acute phase data, however, a longitudinal study, which is currently planned, will warrant the complete data.
CONCLUSIONS
True FISP ASL indicates that a state of hypoperfusion may exist in the thalamus in chronic symptomatic patients following MTBI. Such hemodynamic impairment can occur and persist in patients with relatively longstanding MTBI and the extent is more severe in thalamus regions than white matter and other basal ganglia regions, which may help to better understand the complex persistent postconcussive syndrome in patients with MTBI. An example of True FISP ASL images showing labeled and control images (A and B) obtained using the current technique. The control image has high signal intensity due uninverted blood flow entering tissue space. The difference of the two images (C) is a relative map of cerebral blood flow. Note that signal difference is higher in the gray matter than in the white matter. Measurements of regional CBF are made in frontal white matter and deep gray matter regions including thalamus, putamen, and caudate nuclei. True FISP ASL perfusion images and regional maps in an age-matched normal control (A, B) and in a patient (C, D). Note the decreased level of CBF within the selected region in the patient (D) as compared to the normal control (B). Regression analyses have shown a positive correlation between averaged CBF from both sides in thalamic regions and several neuropsychological functions computed as standardized z score such as processing (R 2 = 0.59, p < 0.0001) and response speed (R 2 = 0.72, P < 0.0001), Stroop (R 2 = 0.26, P = 0.01) and verbal fluency (FAS) tests (R 2 = 0.66, P < 0.0001). Table 2 The mean and standard deviation (SD) of neurocognitive tests (z score) in patients and controls assessed with an unequal variance t test (T). 
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